Due to ongoing miniaturization in electronics, connector contact designs have to follow the same trends. The prediction of the mechanical and electrical performance of low force connector contacts becomes increasingly important. This paper shows a new approach to model the elastic plastic contact of two multi-layered nonconforming rough bodies subjected to pressure and shear traction. Three main considerations will be presented. 1. To investigate the influence of the surface topography on contact performance, measured three dimensional digitized surfaces are not always available. Hence a numerical description of a 'real' rough surface is of great importance. It can be shown that an engineering surface can be modeled by five scale independent parameters: RMS roughness, x/y correlation length, kurtosis and skew. 2. Based on Papkovich Neuber Potentials and both multi grid and conjugate gradient methods, a numerical algorithm has been developed to calculate the stresses and deformations in a contact system with up to three different layers per contact partner. The plastic deformation of the individual contact points (a-spots) can be interpolated using different material hardening behaviors. 3. If the a-spot distribution is known, the constriction resistance of the true contact area can be calculated. The voltage drop inside the contacting bodies is interpolated by solving the Laplace equation iteratively. The different electrical properties of the contact layers as well as the interaction of the individual a-spots, is also taken into account. The simulation algorithms are validated using a Au/Ni/CuSn6 contact system. The results show excellent agreement between measured and simulated contact resistance results over a normal force range from 1 gram up to 250 grams. The algorithms are implemented with an 'easy to use' windows interface "First Contact". The software also incorporates a material database that when used together with a surface modeler, allows for the fast calculation and 3d visualization of all mechanical and electrical contact characteristics..
Introduction
The process of generating an initial connector prototype for a new design can be time and resource intensive. Additionally, optimization steps are often necessary. The ability to predict the electrical and mechanical characteristics of a connector could lead to major cost savings in this process. The interaction between contact interface surface topography, materials, coating layer sequences, contact geometries, normal load and traction is very complex. Currently, there is no numerical model available which factors in all these influencing parameters. The pioneering work of Hertz [1] and Holm [2] are still widely used as a basis for connector designs. Constriction resistance dependence on the contact normal force can be approximated by the following Equation (1) .
Holm reported a theoretical exponent of n = 0.33 for the case of two contacting spheres. Practical experience yields values more in the range of 0.3 < n < 1. Deviation from theoretical calculations can be better understood considering the following: 1. Hertzian theory is based exclusively on purely elastic deformation of the contacting non-conforming bodies (no plastic contribution). 2. Contact area generated between two 'real' surfaces is not continuous and consists of a distribution of discrete micro-contact areas (a-spots) due to the rough nature of 'real' surfaces coming into contact. 3. The distribution of a-spots acts as array of mutually interfering individual current path constrictions. 4. Normal load supported across a distribution of aspots leads to stress concentration at the individual aspots and local plastic yield/deformation. 5. The fact that the real contact area is only a fraction of the apparent contact area cannot be neglected. 6. Effects of using layered contact coating structures are not considered. Besides characteristics such as contact resistance and current carrying capability, the knowledge of internal mechanical stresses is of major concern. The stress distribution relates to the level of abrasive wear that occurs during mating/unmating cycling and the potential for delamination at layer interfaces. The following influence parameters have to be considered. The objective of this research is to develop and implement a simulation tool that allows the prediction and visualization of the mechanical and electrical performance of a connector contact interface.
Numerical description of surface topographies
Because 3D measured surface scans with defined characteristics such as RMS roughness, curvature and anisotropy are not usually available; numerical description of a technical surface is needed to simulate contact interface performance. Fast procedures for terrain mapping [3] , or approaches that take the self affinity (fractal behavior) [4] of technical surfaces into account; do not offer a straight forward way to create anisotropic features such as grinding grooves. Therefore, the use of a Finite Impulse Response (FIR) filter based on the publication of Hu and Tonder [5] was chosen. A FIR filter (see Equation 2 ) basically transforms an input sequence (η) through a response function (h) into an output sequence (z), which resembles the z-value distribution of the desired surface topography.
The indices i,k and j,l denote the position in the x and y directions. The input sequence resembles a matrix of normally distributed random numbers with a defined standard deviation (σ). By including the autocorrelation function of the input/output sequences and applying a Fourier transform; the following relation can be found:
The term PSD z/η denotes the Power Spectral Densities. H indicates the transfer function in the frequency domain represented by the independent coordinates ω x and ω y . The Auto Correlation Function (ACF) for engineered surfaces can be represented in either an exponential form [5] , (4) or a linear form according to [6] .
The terms β x and β y are the autocorrelation lengths in the x and y directions. In Equation 4 , β x and β y represent the distance from the origin where the ACF is decreased to 10% of the original value. Since the input sequence contains only random uncorrelated numbers, the ACF is basically a delta function. Therefore, the PSD of the input sequence (the Fourier transform of the ACF) can be considered to be a constant. Hence the frequency response can be evaluated as follows:
The inverse Fourier transform of the frequency response functions can then be applied in Equation 2. Since the input sequence used is normally distributed, the resulting z-value distribution of such a generated surface will also show a normal Gaussian distribution. However, typical production processes such as grinding, lathing or spark erosion yield non-Gaussian surface height distributions with different skew and kurtosis. An alternative to using a non-Gaussian input sequence is to subsequently alter the surface height distribution. In order to generate realistic surface topographies, the following algorithm is applied. The first step is to measure the surface height distributions of nominally flat surfaces formed with different machining methods, platings, and wear patterns. This sample data is then analyzed regarding RMS roughness, σ, form of the ACF (Equations 4 and 5), β y , β y , skew and kurtosis. Topographies are then generated based on the algorithm of Hu and Tonder using these values and by selecting the ACF (either linear or exponential) exhibiting the best fit. The z-value distributions are then transformed according the following formula:
This transformation is basically a superimposition of an original normal surface height distribution with two additional normal distributions. The superscripts L and R denote left and right side of the original distribution. Substituting L and R by * the parameters m * and σ * are defined as follows. , respectively. These parameters can be chosen so the transformed surface height distribution shows the same skew and kurtosis as the measured surface data. The desired roughness is then adjusted by simple multiplication with an appropriate scaling factor. Table 1 lists the characteristic parameters of some common engineered surfaces. The highlighted fields show the 6 parameters that completely describe the surface topography. It is obvious, tha ed in this article is capable of simulating realistic surfaces with well defined characteristics. This allows for analysis of how engineered surface characteristics influence contact resistance without the need to have measured surface data from 'real' samples.
Stresses and strains
The following investigates "dry/non-lubricated" contact between two layered rough nonconforming surfaces. Only normal and shear traction are considered. Adhesive forces due to meniscus effects or adhesion energy are neglected. Figure 2 illustrates a typical connector contact surface layer sequence. The displacements can be calculated using Equation 11. The indices i,j denote the Cartesian variables x, y a In is assumed that any plating process replicates the topography of the bulk substrate material. Each layer (including the bulk material) is characterized by an individual variable z1 i , z2 ii and z3 iii . The indices i, ii, and iii range from 0 to a layer specific number n1, n2 and n3; respectively. In the case of surface traction, the stresses and displacements can be calculated by using Papkovich-Neuber potentials Ф, ψ 1 , and ψ 3 (ψ 2 = 0). The 6 independent components of the stress tensor are given by Equation 10. The calculation of the Fourier transforms is published explicitly in [7] . Since the displacements and stresses vanish at long distance from the origin, 0
. A linear equation system for the co und using relevant displacement continuity conditions, stress z components at the layer interfaces, and surface traction boundary conditions. It should be mentioned that the z coordinate is a continuous variable which makes modeling of a realistic topography without excessive grid structures feasible. In the case of a two layer system (e.g., Hot Air Leveled Sn (HAL Sn) over CuSn6 Phosphor Bronze), an analytical solution for the 9 independent coefficients can be found in the literature efficients can be fo nd displacements, the [7] [8]. In the case of a three layer system (e.g. Au over Ni on CuSn6), the equation system has to be solved for 15 independent coefficients. An analytical solution has not yet been published. A numerical approach to solving the equation system, such as a Gauss-Seidel algorithm; leads to the following problem. At the boundary of the frequency domain where ω y = 0, equations related to u y and σ zy show conditions in the form 0 = 0. At those points the equation system is indeterminate. Using auxiliary conditions (swapping ω y with ω x ), leads again to a solvable equation system [9] . In order to calculate the stresses a surface traction has to be known. In this work a modified form of the conjugate gradient technology [13] is used and the surface load distribution is determined iteratively. The boundary condition for the surface traction is:
Where p plast indicates the majority of the point pressures of a connector surface are in the plastic region. In this work, p plast was calculated by the following hardening behavior. 
Constriction resistance
A very simplified way to calculate the constriction minimum Yield Strength of the two contact partners [15] . The x and y coordinates in Equation (16) are omitted for brevity. First, the two topographies of the contact partners are summed. A subsequent iteration process calculates the displacements based on a fast MLMSAlgorithm [14] . This algorithm does not take a layered structure into account, but computes approximately 100 times faster than a conventional double summation at a typical lateral resolution of 256 x 256 grid points. In a second iteration process the individual displacements u z1 and u z1 are calculated using Equation 11. In a final step, the two deformed topographies are separated. The two contacts can then be virtually mated by swapping the algebraic sign of one surface and shifting both surfaces to match the z-values at the maximum point. A cross section through a contact point is shown in Figure 6 . It can be easily seen that no intersection of the two contact surfaces occurs and only a fraction of the apparent contact area is capable of carrying electric current. Knowing the real contact area, the constriction resistance can be evaluated using the following approach.
resistance of a distribution of a-spots would be to calculate the parallel resistance of the individual a-spots according to Holm's approximation formula for a circular contact area. This computation neglects the phenomena of mutual interference between individual current paths and would underestimate the contact resistance value. Influences due to different specific resistances of the contact layers are also not taken into account. In the case of no space charges, the potential field within the contacts is given by the Laplace equation. For Cartesian coordinates the Laplace equation can be written in the following form. This is the same as computing the potential value by averaging over the neighboring points. For each actual coordinate point, the number of actual neighbors has to be determined and taken into account (see also Figure 4) . A point is considered to be a neighboring point when the coordinate is within one of the two contact bodies (including the surface points). E.g., in the case of no neighbor in the -x direction, φ(x i-1 ,y j ,z k ) has to be replaced by the term φ(x i+1 ,y j ,z k ). At the boundary in the z direction, the potential is kept at a constant level. The boundary is chosen so that the depth, L/2, of the computational domain in the z direction is three times the maximum surface height of the contact with the largest curvature. At the layer interfaces, the ratio of the potential drop in the z direction equals the ratio of the specific resistance, ρ layer , of the layer alloys (see Figure  3) . Hence, the following equation applies.
The calculation of the potential drop through the connector contact is done by a Gauss Seidel iteration scheme. First, all the datum points related to contact 1 or 2 are preset with the potentials φ 1 and φ 2 , respectively. Then the iteration is performed until a predefined residual error level is reached [16] . In contrast to the discussion in section 2, the computational grid is discretized in all three Cartesian coordinates. While the grid points in the x/y plane are identical, the z coordinate has to be chosen as follows. In order to reproduce the surface topography with a rectangular grid as shown in Figure 4 , Δ z has to be sufficiently smaller than the RMS roughness. This leads to both very large data matrices, and an iteration process that converges very slowly. To overcome this slow convergence disadvantage, the iteration procedure is performed in consecutive loops. In the first loop, the grid in the z-direction is coarsened according to: The iteration is typically started with C Coarse = 16. This coarse grid iteration converges very quickly. Then the grid is refined by applying Equation (21) and
The final iteration loop is reached when C Coarse = 1.
Results
Based on the research published in this article, an 'easyto-us' MS Windows compatible software program called "First Contact" has been developed. This software allows for the loading and analysis of measured surface data. An integrated topography builder can also be used to create simulated connector surface pairs. Based on the mechanical and electrical characteristics of the layer materials; mechanical and electrical parameters such as the number of a-spots, stresses or deformations, constriction resistance, current density distribution, electrical field etc. can be simulated. An associated database allows for storage and retrieval of simulation parameters and results. To validate the algorithms described above, the constriction resistance was simulated as a function of the contact normal force and compared to measured data. This data was generated using a 2 mm radius formed part contacting a similarly plated flat. The material characteristic for both contacts are listed table 2. First, the two surfaces were measured using a 3D optical profilometer. The scan window was set to 128 x 128 points in the x/y plane with a resolution of 1.6µm. Figure  5 shows the simulated a-spot distribution for a contact normal force of 1N. The two ellipsoids indicate two aspot clusters. The dashed line indicates the position of a virtual y/z cut plane. A gray scale map of the "von Mises Stress" distribution is shown in Figure 6 . A visualization of the simulated potential drop of the contact system is shown in Figure 7 . This view shows a 3D plot of the y/z cut plane through the center of the contact interface. The different slopes of areas with different resistance can be clearly seen. The inhomogeneous a-spot area is coincident with the highest slope in the potential drop associated with the regions of highest constriction resistance. It can also be seen that the two separate aspot clusters ( Figure 5 ) force the current flow to be split between two main current paths prior to being redistributed across the individual a-spots. Figure 8 shows a log/log plot of simulated versus measured contact resistance as a function of the contact normal force. A clear distinction between the constriction and measured contact resistances should be made. The latter is the sum of the constriction and any test equipment specific offset (path) resistance R Path . This is taken into account by offsetting all simulated data by a constant test equipment specific resistance. 
Since a parallel circuit does not take into account interaction between the individual current lines, the factor in the above relation depends strongly on the distances between the a-spots, and therefore on the surface topography and cannot be generalized. Figure 9 shows the number of a-spots as a function of the contact normal force for different contact topographies. Simulation of contact between two measured surfaces (point 1 in Figure 8 ) was done based on the procedures given in section 2. The measured RMS roughness was σ=0,54µm for the spherical contact and σ=0.34µm for the flat contact. Then the roughness of both surfaces was set to symmetric σ=0,2µm, σ=0,02µm and σ=1µm. As expected, smoother surfaces show a higher number of aspots then rougher surfaces. Again a power law similar to equation (1) can be established. The parameters are also listed in table 3. 
